The lens, whose image height is proportional to its field view angle through introducing reasonable barrel distortion so as to scan or mark linearly is called F-theta lens. Design of F-theta lens is introduced in the paper. The design idea and method are illustrated in detail through the analysis of two systems with working area of 200×200mm 2 and 500×500mm 2 . They're simple and compact. Both of them are composed of only three spherical lenses with two kinds of common optical glasses. Their tube length (from the front surface of the first lens to the back surface of the last one) is far less than 100mm. Remarkably, such simple lenses are able to obtain diffraction-limited focusing performances and low distortions less than 0.5 percent relative to F-Theta linear relation.
INTRODUCTION
F-theta lens, whose image height is proportional to their field angle, is usually used as the laser beam focusing part of laser scanning systems [1] for the realization of linear scanning. Laser marking machine is a kind of laser scanning systems and its working principle is illustrated as Fig. 1 [2] . Reflected by the oscillating scanning mirrors X and Y in order, the light beam from a laser with high energy reaches to the f-Theta lens and is focused onto its focal plane, which is also the working surface of the machine. The corresponding marks can be obtained through controlling of the oscillation of the mirrors. The laser marking systems are with high resolving power, no pollution, non-contact and permanence [3] . They are suitable for lettering, making effective encryption tags, and so on.
The design idea about f-theta lenses used in laser marking machine is presented in the next section. In third section, two typical designs are reported in detail. Their working areas are respectively 200mm×200mm and 500mm×500mm. Their focusing performance is also appreciated. And a conclusion is given at the end of the text. 
IDEA OF OPTICAL DESIGN
The curves of two functions, i.e. y=θ and y=tanθ, are illustrated in Fig.2 . They, respectively, show the image height y of f-theta lens and the ideal imaging lens that vary with the view field angles θ when normalized to their effective focal length. It is obvious that the two curves are close to each other when θ is small. But their deviation from each other becomes larger as θ increases. Thus the fundamental idea for designing of f-theta lens is to introduce barrel distortion, and make the real image height Y deviate from the paraxial image height f×tanθ but close to the value f×θ, where f is the effective focal length of the lens.
The relative deviation q fθ to the above f-theta relationship had better be as small as possible. Considering the post processing with the software within the marking machine in practical use, the deviation smaller than 0.5 percent is enough [4] . In terms of an equation, the condition is as follow.
To introduce barrel distortion, we should put the stop outside the optical system and let the lenses near the stop bend to it.
F-theta lens belongs to such an optical system with large field of view and small relative apertures that their spherical aberrations and coma are not conspicuous. The chromatic aberration correction is unnecessary as f-theta lens in marking machines usually works at single wavelength of laser. But the focusing performance is required to be within diffraction limited so as to achieve marks as well as possible. So the types of aberrations that mainly to be corrected are astigmatism and field curvature.
Since the working surface of f-theta lens is usually flat, the flat field condition as shown in the follow equation (2) should be satisfied.
where φ k and n k refer to the focal power and the refractive index of the k-th lens in the system, respectively. According to the condition of the equation (2), an f-theta lens should contain lenses with both positive and negative powers. And, the refractive index of the positive lens should be higher than the negative one.
For the correction of astigmatism, it is expected that there are two adjacent optical surfaces that belong to two adjoining lenses and bend against each other.
In the laser marking system, the incident angle of f-theta lens is determined by the two oscillating mirrors. The shape of the beam that reaches the lens changes with the oscillating of X and Y mirrors. Obviously, one configuration in the optical design software is not enough to simulate the lens system. During the optical design, according to the oscillating angles of X and Y mirrors, we choose many configurations to design and optimize the f-theta lens. The optical design of f-theta lens with software is really a emulation of the working process of f-theta lens in the laser marking machine.
According to the above ideas and the practical requirements of the laser marking machine with oscillating mirrors, two ftheta lenses with their working areas 200×200mm 2 and 500×500mm 2 , respectively are obtained, as examples, through multi-configuration optimization technique with ZEMAX software. They are named F-θ200 and F-θ500 and illustrated in Fig.3 (a) and (b), respectively. (a) F-θ200 (b) F-θ500 As shown in Fig.3 (a) , the working area of F-θ200 is 282.8mm in diameter and the lens is composed only of three spherical lenses. In the incident direction of laser beam, the powers of the three lenses are negative, positive and positive in order. Its view field angle is ±32° which corresponds to ±16° deflection angle of the oscillating mirrors. The effective focal length of the optical system is about 250mm. The third lens has largest aperture and is about 85mm in diameter. And the tube length is less than 40mm. The working distance between the back surface of the third lens and the working plane, i.e. focusing plane, is about 300mm. And it obeys the ideas that the spherical lenses bend to the stop and that the back surface of the second lens and the front surface of the third bent against each other. Such shape factors is not only in favor of introducing barrel distortion but also helpful to correcting astigmatism and coma.
The other lens F-θ500 is shown in Fig.3 (b) . Obviously, its layout is like that of the lens F-θ200 in Fig.3 (a) . And it also obeys the design idea described in the above section. Its working area, field angle and effective focal length are 500×500mm2, ±30° and 680mm, respectively. The diameter of the largest aperture, i.e. the third lens, is about 117mm. Its tube length is 62mm and the working distance 800mm. So the designed F-θ500 lens is also simple and compact.
Since both of the layouts of Fig.3 (a) and (b) are the same in structure, i.e. the negative lens is followed by the positive ones, and their working distances are certainly larger than their effective focal lengths. For compactness, the intervals between the three lenses should be as small as possible and then their tube lengths are short. At the same time, we should make the best use of the deflection of oscillating mirrors to obtain a maximal incident angle of laser beam at the f-theta lenses. And their effective focal lengths and then working distance are reduced. On the other hand, the incident height on the third lens and its inclination to the optical axis of the chief ray should be small enough for the realization of uniform illumination on the working plane. The diameters of the lenses and the distance between the second and the third lens increase with the increase of the working area. So some offsets among structural parameters and focusing characteristics have to be taken into consideration when f-theta lenses with larger working area are designed optimally.
The performances of the designed F-θ200 and F-θ500 lenses are evaluated in the following Fig.4 and Fig.5 accordingly. Shown as Fig.4 (a) and Fig.5 (a) , their spot diagrams of ray tracing are both within the Airy disc, which is illustrated as the circle in the figure. Their focusing performance is within diffraction-limited. The illumination uniformity is better than 80% and can satisfy with most of usual laser marking machines. As shown in Fig.4(c) for the F-θ200 lens, after the incident laser beam being focused onto its working plane, 60% of its energy is concentrated in the circle of diameter 32µm, which roughly equals to the radius of the Airy disk.
From Fig.5 (c) for the F-θ500 lens, 60% of the incident laser energy is concentrated in a circle, which is 70µm in diameter. According to Eq.(3) as follow, the diameter D of its Airy disk is
where λ and F/# are the wavelength of incident beam and the F-number of lens, respectively. Since the working area, the focal length and the F-number of the F-θ500 are larger than those of the F-θ200, and the F-θ500 theoretically has larger focusing spot and lower marking resolution. Fig. 4 (d) , it is obvious that the maximal astigmatism of the F-θ500 is about 4mm and much larger than that of the F-θ200. However, from the focal depth calculated by the following equation (4) ( )
the astigmatism of the designed f-theta lens is within the aberration tolerance. [5, 6] And its diffraction-limited performance can still be achieved even with the same ordinary kinds of optical glass as those used in the F-θ200 lens. 
CONCLUSION
The principle and the design idea of the f-theta lens have been introduced above. The design results of F-θ200 and F-θ500 that are used in laser marking machines have been presented. The designed f-theta lenses are simple and compact. Their focusing performances are within diffraction limited and the relative illumination on the working plane is quite uniform. By practical use, it has been shown that the lenses designed with the described method completely fit for laser marking.
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